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Introduction
Liver X receptors (LXR) are nuclear receptors for oxys-
terols, metabolic derivatives of cholesterol, and are
responsible, among other functions, for fatty acid syn-
thesis and cholesterol homeostasis regulation [1]. LXR
are present as two isoforms: LXRβ (NR1H3) which is
expressed in tissues having an important lipid metabo-
lism (testis and liver for example), and LXRα (NR1H2)
which has a rather ubiquitous expression. These nuclear
receptors form obligate heterodimers with retinoid X
receptors (RXR), binding to a DR4 type of sequence in
the promoter region of their target genes. When no lig-
ands are available, RXR/LXR heterodimers repress gene
expression via interaction with co-repressors and, upon
binding of their ligands, co-activators are recruited and
gene expression stimulated [2,3]
The development of lxr-knockout (LXR-/-) mice
has helped to elucidate the roles of LXR in various tis-
sues [4]. LXR-/- male mice have reduced fertility start-
ing at 5 months of age, leading to sterility for nine
month-old animals. The sterility phenotype is due to
testicular defects, mainly lipid accumulation in the
Sertoli cells and a lower proliferation rate of the germ
cells [5]. These observations correlate with those of
Robertson et al. [6] showing that LXR-beta is essential
in retaining cholesterol homeostasis in Sertoli cells.
The testicular phenotype is associated with a segment
specific caput epididymidis dysfunction. Indeed, prox-
imal caput segments 1 and 2 of these male mice show
an enlargement of the tubule, the presence of an amor-
phous substance in the lumen and shrinkage of the
epithelium height [7]. The sperm cells are affected and
show midpiece fragility indicated by numerous broken
cells, with a lot of isolated heads and flagella in sper-
matozoa recovered from LXR-/- mice cauda epi-
didymides (mice of 8 months of age and older).
During epididymal transit, mammalian sperm cells
undergo changes in membrane and cellular cholesterol
contents [8] that are necessary for the further steps of the
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fertilization process. Molecular mechanisms regulating
these transformations inside the epididymis are howev-
er poorly understood. Considering the well-known
importance of LXR in cholesterol homeostasis regula-
tion and the fact that lipid accumulations was previous-
ly shown by our group in the caput epididymidis of
LXR-/- male mice [9], this study was aimed at further
understanding the physiological implication of LXR in
the caput epididymidis. 
Material and methods
Animals. LXR-/- mice of the BL6×129 Svj hybrid strain were
housed under a 12h light:12h darkness cycle in a temperature con-
trolled (22°C) atmosphere. Mice were handled according to the
Guidelines on the Use of Living Animals in Scientific Investiga-
tions. Animals were fed a regular diet (2016 Teklad Global 16%
protein rodent diet, Harlan, France), and the western-diet consisted
in a cholesterol enrichment up to 1.25%. 
Lipid staining. Lipid staining was performed on 8-?m-thick
cryosections with oil red O (Sigma-Aldrich, Saint-Quentin
Fallavier, France) for 4 min as previously described (Frenoux et
al., 2004). Alternatively, cryosections were stained with Nile red 
(2 μg/ml in PBS, Sigma), then 8 µm-thick cryosections counter-
stained with Hoechst 33342 solution (1 μg/ml, Sigma) and mount-
ed with coverslips using PBS-glycerol (v/v) as mounting medium.
High Performance Thin Layer Chromatography (HPTLC).
Epididymal lipids were extracted by the Folch method, with mod-
ifications [10]. Three different caput epididymides issued from
three different animals were analyzed for each genotype. Choles-
terol and cholesteryl esters were separated by HPTLC. The chro-
matograms were scanned, and spots were quantified via densitom-
etry (Quantity One; Bio-Rad, Marnes-la-Coquette, France) by ref-
erence to different concentrations of standards on each HPTLC
migration. Standard dosage values gave curves with linear-regres-
sion coefficients (R2) of 0.90 or greater.
Western-blots and densitometry analysis. Proteins (40 μg) were
separated by SDS-PAGE and transferred onto nitrocellulose mem-
brane (Hybond ECL, Amersham Biosciences, France). Blots were
blocked with 10% low fat dried milk/0.1% Tween 20/Tris Base Salt
and then incubated with either anti-β actin (1/5000, Sigma), anti-
ABCA1 (1/500, Novus Biologicals, Littleton, USA) or anti-ABCG1
(1/1000, Novus Biologicals). Detection was performed with goat
anti-rabbit horseradish peroxidase-conjugated secondary antibodies
(1/5000, Amersham) using the "ECL Western Blotting Detection" kit
(Amersham) on hyperfilms (Amersham). Densitometric analyses
were carried out with "Quantity one" software (Bio-rad).
Quantitative RT-PCR. Total RNA was isolated using the Trizol
method (Invitrogen, Cergy Pontoise, France) and reverse transcribed
with Improm II Reverse Transcriptase (Promega, Charbonnieres,
France) and random hexamer primers (Promega). Real-time poly-
merase chain reaction was performed on an iCycler (Biorad). Four ?L
of 1:50 diluted cDNA template were amplified using the qPCR assay
kit, following the manufacturer's instructions (Biorad) using SYBR
Green dye to measure duplex DNA formation. The sequences of
primers used to amplify abca1 are: fw-ggagctgggaagtcaacaac / rv-
acatgctctcttcccgtcag; and for cyclophillin: fw-ggagatggcacaggaggaa /
rv-gcccgtagtgcttcagctt.
Immunofluorescence. After deparaffinization, 5µm-thick sections
were equilibrated 5min in PBS and blocked in PBS-1% BSA
(w/v)- 1% (w/v) fetal calf serum, for 30 min. Slides were incubat-
ed overnight at 4°C with anti-ABCA1 antibody (1/500, Novus bio-
logical) diluted in PBS-0.1% BSA (w/v). Sections were washed for
5 min in PBS, blocked for 20 min in PBS-1%BSA and then incu-
bated with FITC-conjugated secondary goat anti-rabbit Alexa 488
antibodies (1/1000 in PBS-0.1%BSA, Invitrogen). Sections were
counterstained with Hoechst 33342 solution (1 μg/ml, Sigma) and
mounted with coverslips using PBS-glycerol (v/v).
Results
Oil red O staining in LXR-/- mice showed lipid accu-
mulations in cells surrounding the epididymal tubules,
i.e. smooth muscle cells as well as in the epithelium
(Fig. 1A). Nile Red staining on caput epididymidis
sections of 4-month-old LXR-/- mice confirmed the
presence of neutral lipids in smooth muscle cells and
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Fig. 1. Neutral lipid accumulations in caput epididymides of LXR-
/- mice. (A) Oil red O staining on cryosections from wild-type
(upper picture) or LXR-/- (bottom picture) caput epididymidis at 4
months of age. Lipids appear in red. (B) Nile red staining on
cryosections from wild-type (upper picture) or LXR-/- (bottom
picture) caput epididymidis at 4 months of age. Green fluorescence
indicates neutral lipid accumulations. E= epithelium, L= lumen,
S= spermatozoa; arrows indicate apical cells as evidenced by their
apical-located nuclei. (C) Densitometric analysis issued of the
HPTLC assays allowing the quantification of cholesterol and cho-
lesteryl esters. Bars are expressed as µg per mg of tissue extract-
ed. *p<0.05 compared to wild-type mice.
also revealed the presence of lipid droplets in one par-
ticular subtype of epithelial cells: the apical cells
(Fig.1B), showing a nucleus in an apical position, near
the epididymal lumen (arrow). The neutral lipids stain-
ing in apical cells were limited to segments 1 and 2 of
the caput epididymides (data not shown).
HPTLC assays allowed determining that the neutral
lipids revealed by the two staining procedures were
cholesteryl esters (Fig. 1C). They were present in a
significantly higher amount in LXR-/- caput epi-
didymides at four months of age compared to wild-
type mice. 
Two major transmembrane cholesterol transporters
regulated by LXR are ATP-binding transporters A1
and G1 (ABCA1 and ABCG1 respectively). They
were present in caput epididimydis and ABCA1 was
down-regulated at 9 months of age in LXR-/- animals
compared to wild-type animals, whereas no change
was seen at 4 months of age (Fig.2A and B). Concern-
ing ABCG1, its accumulation was not modified
depending on either the genotype or the age of the
mice (Fig.2 A and B). To confirm the LXR-dependent
regulation of ABCA1 in mouse caput epididymidis, we
demonstrated that a cholesterol-enriched diet (known
as western-diet) provoked a higher accumulation of
ABCA1 in wild-type animals (Fig.2 C). This was not
the case if 4 months-old LXR-/- mice were treated
(data not shown) thus showing the dependence upon
LXR for this regulation. 
The lower accumulation of ABCA1 in 9 month-old
animals was due to a transcriptional down-regulation
as demonstrated in Fig. 3 where abca1 mRNA showed
a significant decrease in 9 month-old LXR-/- mice,
whereas the expression levels were similar in wild-
type and LXR-/- animals at 4 months. 
ABCA1 immunofluorescence detection showed
that this transporter was present, in wild-type mice epi-
didymides, in the same type of epithelial cells in which
we noticed neutral lipid accumulations in LXR-/- ani-
mals (see Fig.1A), the apical cells (Fig. 4A, arrows).
This is the case in the two first caput segments, anoth-
er point in correlation with the location of lipid accu-
mulations (data not shown). At 4 months of age, the
ABCA1 specific staining was lost in LXR-/- animals
in the apical cells of the two first caput segments
(Fig.4B, arrows). 
Discussion
LXR are involved in cholesterol homeostasis in vari-
ous organs, including male reproductive organs such
as testis or other steroidogenic tissues [11]. This paper
shows that these nuclear receptors also have a role to
play in the epididymis. In this view, the apical cells 
of the two proximal caput segments seem to have 
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Fig. 2. ABCA1 is decreased in 9-month old LXR-/- animals. (A)
Western-blots showing ABCA1, ABCG1 and beta-actin accumula-
tions in caput epididymides of 4- and 9-month-old wild-type and
LXR-/- mice. Each picture is representative of three different
experiments made on 3 different animals. (B) Relative ABCA1
and ABCG1 protein levels in caput epididymidis in 4- and 9-
month-old wild-type and LXR-/- mice. Bars are expressed as mean
± SEM of 3 different experiments using β-actin for relative quan-
tification made on 3 different animals. *p<0.05 compared to wild-
type mice. (C) Western-blot showing ABCA1 protein levels in
caput epididymidis in 8 month-old wild-type mice fed during 7
weeks with a western diet (1.25% cholesterol). 
Fig. 3. abca1 is transcriptionally down-regulated in 9-month old
LXR-/- animals. Relative expression level of abca1 mRNAs in
caput epididymides of 4- and 9-month-old wild-type and LXR-/-
mice. Bars are expressed as a percentage of the expression level in
lxr-/- animals vs an arbitrary 100% value in the wild-type animals.
Each value is the mean +/- SEM of 3 measurements performed on
3 different animals using cyclophillin as internal standard. *p<0.05
compared to wild-type mice.
a particular function. Indeed, cholesteryl ester accu-
mulations in these cells were associated with the loss
of ABCA1, an important protein for cellular choles-
terol efflux. It is likely that the two first epididymal
segments play a special role in cholesterol trafficking,
because in the more distal caput segments (segments 3
to 5) ABCA1 staining was found in principal cells, a
point in correlation with the recent data presented by
Morales et al.[12], who also reported the detection of
ABCA1 in the principal cells of mouse caput epi-
didymidis. Interestingly, ABCA1 accumulation was
lost in the segments where the epididymal phenotype,
i.e. mainly epithelial shrinkage and tubule lumen
enlargement, was previously described [7]. The link
between these events will still have to be investigated.
The molecular mechanisms underlying these modifi-
cations are probably intricate as we could also show
that only ABCA1 was lost whereas ABCG1 was not
disturbed by the lxr invalidation, even if ABCG1 is
also a known target of LXR in other tissues. 
Cholesteryl ester accumulations were likely due the
loss of the cells ability to efflux cholesterol from their
cytoplasm via ABCA1, rather than perturbations of the
intracellular metabolism (de novo synthesis, uptake
and esterification) as the total amount of cholesterol
was not modified (see Fig. 1B). This point needs to be
confirmed by further analysis of the metabolic path-
ways involved, a work that is currently being investi-
gated. 
ABCA1 accumulation in apical cells was lost at 4
months of age whereas the total quantity of the protein
at the same age was not changed (See Fig. 2, A and B).
This discrepancy is related to the fact that western-
blots were performed on whole caput extracts, and as
we mentioned earlier, ABCA1 is present in the cyto-
plasm of principal cells in caput segments 3 to 5. The
sensitivity of the protein detection in the western-blot
assays did not allow revealing the specific loss in api-
cal cells. At 9 months of age, it is likely that ABCA1 is
down-regulated in the whole caput, implicating a tran-
scriptional regulation.
The presence of ABCA1 and ABCG1 in the epithe-
lial cells of the epididymis suggest that cholesterol
needs to reach the epididymal lumen, and probably
interact with maturing sperm cells, as these two trans-
porters are shown on the apical side of the epithelium.
Indeed these proteins are specialized in cholesterol
efflux [13,14], which also suggest the presence of cho-
lesterol acceptors in the lumen. This point is not easy
to investigate as it is quite impossible to harvest lumi-
nal fluid from a mouse caput epididymidis due to the
small size of the organ. However, these questions will
have to be answered in the future to understand the
exact role played by LXR in the sperm maturation
processes. 
In conclusion, this paper brings new insights in
LXR-related cholesterol homeostasis and trafficking
in the mouse caput epididymidis, and these data will
be helpful to better understand the regulation of sperm
plasma membrane maturation during their epididymal
transit.
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